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The thermal conductivity of semiclathrate hydrates and aqueous solutions of tetrabutylammonium
bromide (TBAB) and tetrabutylammonium chloride (TBAC) was measured for the ﬁrst time in the tem-
perature range from 223 to 303 K under atmospheric pressure. A transient hot-wire apparatus using a
parylene-coated probe was employed for the measurements with an uncertainty of ±0.7%. The experi-
mental results indicate that the thermal conductivity of two semiclathrate hydrates are smaller than
those of two clathrate hydratesdabout 80% of the THF hydrate and 60% of the CH4 hydratedand are
about a factor of 5.5 lower than that of ice Ih at temperatures near the melting point. In addition, the
temperature coefﬁcient of the thermal conductivity of semiclathrate hydrate show a weak negative, and
the thermal conductivity is more sensitive to the molar mass of a guest molecule.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
The importance of high-quality thermophysical property data
for clathrate hydrates in natural systems has been described by
Sloan and Koh [1]. The thermal conductivity of clathrate hydrate is
one of its primary transport properties, and is of considerable
importance not only for process design and optimization but also
for gaining a deep understanding of the fundamental physics and
chemistry. It has thus been investigated both experimentally and
theoretically by a number of authors [2e17]. The ﬁrst report on the
anomalous behavior of gas hydrate thermal conductivity may date
back to a 1979 study by Stoll and Bryan [2]. Even though they used
an experimental technique (thermal probe) of unproven validity for
reliable thermal conductivity measurement, they reached the
conclusion that the formation of gas hydrate tends to cause a
decrease in the thermal conductivity of a sediment, which was
actually a pressed natural gas hydrate-sand slurry formed in a
pressure vessel. This rather naïve discovery was partially conﬁrmedka).
r B.V. This is an open access articleby Ross et al. [3], who measured the temperature dependence of
the thermal conductivity of tetrahydrofuran (THF) clathrate hy-
drate under high pressure using the transient hot-wire method
with an accuracy of 3%. The obtained temperature dependence of
the thermal conductivity was found to be unusual in that vl=vT had
a positive value, which had not been observedwith crystalline non-
metallic solids before. Within the Debye theoretical framework of
lattice dynamics, the thermal conductivity of non-metallic crystals
should be inversely proportional to the absolute temperature
lfT1 at high temperature (near and above Debye temperature)
due to phononephonon umklapp scattering [18]. However, the
observed behavior of the thermal conductivity of THF clathrate
hydrate was similar to the temperature dependence of amorphous
solids (glass-like behavior) [19,20], even though its crystal structure
resembles ice Ih. In an attempt to elucidate the molecular mecha-
nisms of the above-mentioned experimental evidence of anoma-
lous glass-like thermal conductivity behavior (slightly negative
temperature dependence and markedly low thermal conductivity
in comparison with that of ice), several theoretical and molecular
modeling studies have been reported, for example, a resonant
scattering mechanism attributed to low-frequency rattling of the
guest molecules in a lattice formed by water molecules [7,8,10,11], aunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Table 1
Purity of samples in the present experiments, and suppliers.
Compounds Molar mass, g/mol Purity, mass% Supplier
TBAB, (C4H9)4NBr 322.37 99.0 SigmaeAldrich
TBAC, (C4H9)4NCl 277.92 97.0 SigmaeAldrich
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framework [12], and molecular dynamics simulations [9,15,16].
Experimental studies on the thermal conductivity of clathrate
hydrates have thus far achieved an adequate level of quality for the
purpose of solving heat-transfer problems in energy industry ap-
plications such as gas production, storage, and transportation, and
for the interpretation of various geophysical phenomena occurring
in natural gas hydrate deposits. Nevertheless, much remains to be
done in the area of research on the thermal conductivity of clath-
rate hydrates for the following reasons:
(1) Ambiguous characterization as a solid sample. Since clath-
rate hydrates are stable only under high pressure and/or low
temperature, their formation in a laboratory setting requires
pressurizing equipment with a stable temperature controller
able to work continuously for several days to several weeks.
Even given such not-so-easy formation processes, the
resulting clathrate hydrate samples (such as methane hy-
drate, among others) will contain unavoidable contamina-
tion by pores, unreached water, and ice, all of which
signiﬁcantly affect the apparent thermal conductivity of
clathrate hydrate in both its absolute value and temperature
dependence. As a result, clathrate hydrate is thought to be a
difﬁcult crystalline solid sample for accurate determination
of thermal conductivity, owing to its inevitable ambiguous
characterization.
(2) Inadequate resolution and accuracy of measurement tech-
niques. The techniques most often employed for the mea-
surement of thermal conductivity in clathrate hydrates are
the needle probe [2,5,14], the transient plane source (TPS)
[15] and the steady-state technique [7,12]. The needle probe
normally consists of a thin stainless tube containing a heater
wire with a thermistor in the middle. By measuring the
temperature response of the thermistor to stepwise heat
generation by the heater wire, the thermal conductivity of
substances in the vicinity of the needle probe can be deter-
mined. The mathematical model for this technique is basi-
cally equivalent to that of the transient hot-wire; however,
due to the large heat capacity and thermal resistance con-
tained in the probe, the temperature response of the
thermistor becomes less sensitive to changes in thermal
conductivity of the sample located outside of the probe. The
TPS technique employs a small and robust sensor called a TPS
element made of polymer. Ni thin strips are deposited in a
serpentine pattern on the TPS element. Since the polymer is
not a perfect thermal insulator, the heat ﬂux released from
the strips is conducted not only to the sample on one side of
the TPS element, but also to the backside of the polymer. In
the case of clathrate hydrate samples, the magnitude of
thermal conductivity is similar to that of polymer, which
inevitably deteriorates the resolution of the measured ther-
mal conductivity. Finally, the steady-state technique is a
well-established method for the measurement of thermal
conductivity in solid samples. Themain source of uncertainty
stems from geometrical factors such as the distance between
thermocouples and the cross-sectional area of the sample,
which turns out to have a large margin of error in the case of
clathrate hydrate formed under high pressure and/or low
temperature (below ambient temperature). Consequently, in
the case of THF hydrate [7] the overall accuracy is reported to
be ±12% to ±30%.
Recently, fundamental (thermophysical property) research on
ionic clathrate hydrates has experienced remarkable growth,
particularly over the last ten years [21e30]. Previously, beginningwith the ﬁrst paper on unusual hydrates of tetrabutylammonium
salts in 1940 [31], a number of studies could be found on ionic
clathrate hydrates (hereafter, semiclathrate hydrates) [32e35]
before the uniﬁed terminology semiclathrate hydrate was gener-
ally accepted. Semiclathrate hydrates have been attracting
increased attention because of their promising applications as
phase change materials for refrigeration systems and in gas capture
and storage [36e41]. In addition, there is interesting speculation
that semiclathrate hydrate may be regarded as a representative
substance for the study of thermal conductivity in clathrate hydrate
in general. This is because: (1) it can reduce characterization
problems as a solid sample, since semiclathrate hydrate is formed
around ambient temperature under atmospheric pressure and is
easy to handle; (2) accurately measuring the thermal conductivity
of semiclathrate hydrates, which havemany similarities to clathrate
hydrates, may make possible a deeper understanding of the unique
(anomalous) behavior of the thermal conductivity of clathrate hy-
drates; and (3) currently, there are no experimental studies on the
thermal conductivity of semiclathrate hydrates.
In the present paper, we have measured the thermal conduc-
tivity of semiclathrate hydrates and aqueous solutions of TBAB and
TBAC in a temperature range from 223 to 303 K by the transient
hot-wire using a parylene-coated probe. The thermal conductivity
results revealed that the anomalous behavior of the thermal con-
ductivity of clathrate hydrates holds, with a few differences.2. Experimental methods
2.1. Materials
The two tetraalkylammonium salts, tetrabutylammonium bro-
mide and tetrabutylammonium chloride, used in the present
experimental study without further puriﬁcation, are described in
Table 1. The two aqueous solutions were prepared gravimetrically
by means of a precision electronic balance (Shimazu, EB-330H)
with a capacity of 330 g and a resolution of ±1 mg. Reagent-
grade tetrabutylammonium bromide (TBAB: > 99.0 mass%, Sig-
maeAldrich) and tetrabutylammonium chloride (TBAC: > 97.0
mass%, SigmaeAldrich) were mixed with deionized distilled water,
the electrical resistivity of which was >16 MU cm (Nomura Micro
Science Co., TW-1000RU-SP), in a draft chamber at room temper-
ature. The total amount of the aqueous solution prepared for a
single experiment was 45.00 g, and the uncertainty of the con-
centration was estimated to be ±0.009 mass%, equivalent to ±0.01
of the uncertainty in the hydration number.
2.2. Apparatus
The principle of the thermal conductivity measurement used
here for both semiclathrate hydrates and aqueous solutions is
based on the transient hot-wire technique operating in an absolute
manner [42]. Speciﬁcally, to apply this method to electrically con-
ducting liquids (aqueous solutions in this case) the apparatus
simultaneously employs a thin metallic wire coated with an elec-
trical insulation layer as a heating element and a resistance ther-
mometer. In the case of the insulatedwire, the time evolution of the
average temperature rise of the metallic wire DTðtÞ can be
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DTðtÞ ¼ q
4pl

ln t þ Aþ 1
t
ðB ln t þ CÞ

; (1)
where l is the thermal conductivity, q the heat generation per unit
length of the metallic wire, and t the elapsed time after generation
of stepwise heating; A, B, and C denote constants whose explicit
expressions as are given by Nagasaka and Nagashima [43].
Assuming that the insulation layer is thin enough, the thermal
conductivity can be determined by
l ¼ q
4p
,
dDT
d ln t
: (2)
The advantages of the transient hot-wire technique to measure
the thermal conductivity of semiclathrate hydrates and aqueous
solutions are that it provides the highest accuracy for the thermal
conductivity of ﬂuids by eliminating or minimizing error due to
convective and radiative contributions to the heat transfer from the
measurement and the applicability to the measurement for both
liquid and solid phases in succession by using exactly the same
experimental setup with no loss of precision.
Fig. 1 is an illustration of a cross-sectional view of the parylene-
coated probe and sample vessel, with windows for observation of
hydrate formation. The platinum wire (2), which was 30 mm in
diameter and 70 mm in length, was suspended and soldered be-
tween upper and lower hooks (3) with an axial stress of a pre-
determined magnitude. Two voltage potential leads of the same
platinum wire were spot-welded at positions approximately
10mm from each end of the wire to compensate for the end effects.Fig. 1. Parylene-coated probe and sample vessel with observation windows: (1)
sample vessel; (2) parylene-coated platinum wire (f30 mm); (3) platinum hook
(f500 mm); (4) titanium strut; (5) ceramic disk; (6) silicone O-ring; (7) Conax; (8)
observation windows.In order for the probe thus constructed to apply to the electrically
conducting sample, the entire probe was coated with parylene C,
which is a chemically stable polymer with a high resistivity of
8.8  1016 U$cm at room temperature. The coating process was
carried out by chemical vapor deposition in a vacuum chamber, and
coating thickness was about 3 mm; its uniformity in covering the
platinumwire was veriﬁed by a cross-sectional SEM image. A more
detailed description of the parylene-coated probe can be found in a
previous study [44]. Calibration of the resistanceetemperature
relation of the platinum wire was performed in situ within a tem-
perature range of 223e333 K, depending on the appropriate tem-
perature region for an individual probe. The sample vessel made of
stainless steel (necessary sample volume for the measurement was
about 45 cm3) was sealed with a silicone O-ring (4), and four
electrical leads were brought out using Conax (5). Twowindows (8)
were installed for observation of the semiclathrate hydrate for-
mation process.
The experimental apparatus for the transient hot-wire method
used is shown in Fig. 2. In-depth explanations of the data-
acquisition system are available in our previous papers [44e46].
The sample vessel was immersed completely in a temperature-
controlled bath with a temperature stability of within ±0.05 K
during the thermal conductivity measurements. The heat transfer
medium in the bath was methanol for the low-temperature range
(223e273 K) and water for the high-temperature range
(273e333 K). The temperature of the sample was measured using a
platinum resistance thermometer calibrated on the ITS-90 with an
accuracy of ±0.01 K.
The uncertainty of the present thermal conductivity measure-
ment for both solid and liquid phases is estimated as follows. The
temperature coefﬁcient of the platinum wire resistance was
determined by the calibration carried out during the course of the
measurement and its uncertainty is ±0.3%. The uncertainty of
dDT=d ln t is ±0.15% which is estimated by the deviations from the
linearity and the uncertainty of the heat generation per unit length
of the wire is ±0.17%. Including all the other small factors, the total
uncertainty of the present thermal conductivity is estimated to be
±0.7%.2.3. Procedure
Although the phase behaviors of TBAB and TBAC semiclathrate
hydrates have been largely revealed by previous studiesFig. 2. Experimental apparatus for thermal conductivity measurement.
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hydrates, their hydration numbers, and congruent and non-
congruent melting points. In our thermal conductivity measure-
ments, since we desired to form a homogeneous semiclathrate
hydrate sample by cooling in the vessel in which the transient hot-
wire probe was immersed in a prepared concentration of solution,
it was important that the target semiclathrate hydrate form
congruently. If more than two different compositions of semi-
clathrate hydrate (with congruent and/or non-congruent melting
points) were to grow simultaneously, the concentration of the
aqueous solution would change, and the formed hydrate sample
might be contaminated with unreached water. Under these re-
strictions, we selected the following compositions of semiclathrate
hydrates. Two typical compositions of TBAB semiclathrate hydrate
have been reported: TBAB$26H2O and TBAB$38H2O [24]. Although
other types of TBAB hydrates have been found in previous studies
[32], these were considered to be metastable compounds, and
difﬁcult to form. According to the phase behavior of TBAB$26H2O
and TBAB$38H2O determined individually [23], phase equilibrium
temperature is the highest around the solution concentration of 40
mass%, which is nearly stoichiometric for TBAB$26H2O. Rodionova
et al. reported in their structural study [32] that the crystal of
TBAB$26H2O was stably reproduced. In the present study, we
selected TBAB$26H2O as the target sample for the measurement of
the thermal conductivity of TBAB semiclathrate hydrate, based on
its relatively high equilibrium temperature and stability. Corre-
sponding to the hydration number, the concentration of TBAB so-
lution was prepared to be 40.52 mass%. At this concentration, the
equilibrium temperature of TBAB$38H2O is about 282.25 K (9.1 C),
which is 2.9 K lower than that of TBAB$26H2O. Therefore,
TBAB$38H2O was not able to form inside the sample vessel in the
cooling conditions set.
Whereas the phase diagram of TBAB semiclathrate hydrate has
been revealed separately for each composition, the phase diagram
of TBAC semiclathrate hydratewas described as only one curve [24].
Furthermore, three types of reported TBAC semiclathrate hydrates
have very similar congruent melting points (TBAC$32H2O,
TBAC$30H2O and TBAC$24H2O at 15.0 C, 15.1 C and 14.9 C,
respectively). This made it difﬁcult to obtain a homogeneous
sample in our vessel. However, based on the assumption that hy-
drates with higher melting points preferentially form higher
amounts, we selected TBAC$30H2O as the target composition of the
TBAC semiclathrate hydrate. The effect of the homogeneousness of
the sample on thermal conductivity will be discussed in the next
section. Accordingly, the nominal compositions of the semi-
clathrate hydrates formed in our experiments and their congruent
melting points are as listed in Table 2.
When semiclathrate hydrates are forming inside the sample
vessel, the growth rate of the crystals must be kept slow enough
that needle-shaped crystals do not break either the thin platinum
wire or the spot-welding points of the two potential leads. It is
worth noting here that the lifespan of hot-wires during sample
solidiﬁcation is very limited in the case of thin platinum wires 15
and 20 mm in diameter. That is why we chose relatively thick
platinumwire 30 mm in diameter. On the other hand, if the cooling
temperature is set too close to themelting point, nucleationwill not
spontaneously occur, because the solution will remain in aTable 2
Target composition and melting point for TBAB and TBAC semiclathrate hydrates.
Compounds Prepared solution concentration, mass%
TBAB semiclathrate hydrate 40.52
TBAC semiclathrate hydrate 33.73supercooled liquid state. In the present experiment, in order to
form hydrates slowly but effectively inside the vessel, seed crystal
of semiclathrate hydrate, formed separately in advance from the
same solution, was dropped into the supercooled solution. About
3 g of the seed crystal was dropped in. After the vessel was loaded
with the solution and seed crystal, the probe was carefully
immersed into the solution and the vessel was sealed. The vessel
was then cooled at a constant temperature 2 K below the melting
point of each hydrate.
Because, in general, the relation between the composition of
hydrate and melting point is not yet clear, a problem can occur in
the process of growth of semiclathrate hydrate. If the composition
of the semiclathrate hydrate forming inside the vessel is “thicker”
than that of the prepared solution, it is likely that excess water will
remain around the platinum wire because the wire is located near
the cylindrical axis of the vessel. When the vessel is completely
immersed into the heat transfer medium to cool uniformly, hy-
drates grow from all the inner walls of the vessel toward the center.
Thus, excess water is pushed to the center and concentrated around
the wire. Consequently, the measurements cannot be exact,
because the existence of water around the wire affects the critical
inﬂuence on the measured thermal conductivity value and its
temperature dependence.
In order to solve this problem, we purged the water to the upper
part of the vessel (out of the platinum wire area), by cooling it
gradually from the bottom to the top using the following procedure.
First, about 6 cm of the bottom portion of the vessel containing the
sample solution was immersed into the heat transfer medium.
Semiclathrate hydrate formation at the cooled section was
completed in roughly 5e6 h. This could be detected by the release
of latent heat corresponding to the temperature rise of the plat-
inum wire, and could also be visually conﬁrmed through the
observation windows. After semiclathrate hydrate formation was
complete at the lower part, another 6 cm (about 12 cm from the
bottom of the vessel) was immersed for another 5e6 h. Semi-
clathrate hydrate growth continued to the top and any possible
remaining water was pushed to the upper side. Finally, the vessel
was completely immersed into the heat transfer medium for the
thermal conductivity measurement. After semiclathrate hydrate
formation was completed (also in the case of solution), the resis-
tance between the parylene-coated wire and the sample vessel
through the semiclathrate hydrate sample was conﬁrmed to be
greater than 15 MU, which was empirically determined sufﬁcient
insulation resistance.3. Results and discussion
The experimental results for the thermal conductivity of semi-
clathrate hydrates and aqueous solutions of TBAB and TBAC are
given in Tables 3 and 4, respectively. These values are the averages
of three to ﬁve measurements, whose reproducibility was consis-
tently better than ±0.3% in the case of semiclathrate hydrate and
±0.5% in the case of the solution at the same temperature. In all
measurements, the current through thewirewas adjusted to obtain
a temperature rise of the wire of approximately 1 K at 2 s after the
initiation of heating, and the time interval between measurements
was about 2 min. In addition, the measurements were taken onExpected hydration number Melting point, C
26 12.0 [23] (285.15 K)
30 15.1 [24] (288.25 K)
Table 3
Thermal conductivity of semiclathrate hydrate and solution of TBAB.
Reference temperature, Tr K Thermal conductivity, l W/(m K)
Solution 303.0 0.351
298.0 0.349
293.1 0.342
291.1 0.341
289.1 0.340
288.1 0.340
287.1 0.340
285.1 0.339
Hydrate 284.2 0.380
277.2 0.381
274.2 0.381
272.2 0.382
264.2 0.383
254.3 0.385
244.3 0.388
Standard uncertainties u are u(T) ¼ 0.01 K, u(l)/jlj ¼ 0.007.
Table 4
Thermal conductivity of semiclathrate hydrate and solution of TBAC.
Reference temperature, Tr K Thermal conductivity, l W/(m K)
Solution 298.1 0.387
296.1 0.387
294.1 0.385
292.2 0.377
290.2 0.375
Hydrate 287.2 0.429
281.2 0.429
275.2 0.429
272.3 0.430
263.4 0.434
253.4 0.436
243.4 0.438
234.0 0.441
223.5 0.443
Standard uncertainties u are u(T) ¼ 0.01 K, u(l)/jlj ¼ 0.007.
Fig. 3. Deviations of measured DT from ﬁtted straight line.
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across the water/ice transition temperature to conﬁrm the repro-
ducibility of the measured thermal conductivity. In Tables 3 and 4,
the reference temperature Tr, deﬁned by eq. (3), is the temperature
to which the measured thermal conductivity refers [43].
Tr ¼ T0 þ
1
2

DTðt1Þ þ DTðt2Þ

(3)
where T0 denotes the initial equilibrium temperature of the sample,
and t1 and t2 indicate the times at the start and end of the run,
respectively. In order to show that the present apparatus operates
in accordance with eq. (1), Fig. 3 represents the deviations of the
measuredDT from the ﬁtted straight line for a typical run. As can be
seen from this ﬁgure, the deviations never exceeded 0.1% during
the available time duration from 0.4 to 2 s. The regression coefﬁ-
cient in this case was 0.99997. In addition, even though we were
able to determine the thermal conductivity in an absolute manner,
measurements were carried out on pure water in a temperature
range of 293e353 K to provide a check on the continued and cor-
rect performance of every parylene-coated probe. Our check mea-
surements repeatedly agreed with the standard reference values of
the thermal conductivity of water [47] not exceeding ±1.3%. This
ﬁgure is consistent with the estimated uncertainty in the thermal
conductivity data (±0.7%) and that of the standard reference values
(±1.0%).
First, in order to see the global behavior of the present thermal
conductivity results for semiclathrate hydrates, Fig. 4 compares thepresent results with those of related substances, namely water [47],
ice Ih [48], THF hydrate [49], and CH4 hydrate at 31.5 MPa [14]. The
absolute value of the thermal conductivity of the two semiclathrate
hydrates are smaller than those of the two clathrate hydrates:
about 80% of THF hydrate and 60% of CH4 hydrate, which of course
Fig. 4. Thermal conductivity results of semiclathrate hydrates and aqueous solutions
of TBAB and TBAC compared to those of related substances.
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about a factor of 5.5 lower than that of ice Ih at temperatures near
the melting point. The temperature dependence of the two semi-
clathrate hydrates appears to be almost ﬂat in this thermal con-
ductivity resolution, which is similar to the tendency for the two
clathrate hydrates. This experimental evidence allows us to
conclude that the anomalous behavior of the thermal conductivity
of clathrate hydrate is preserved in the case of semiclathrate
hydrates.
If we look at the present results more closely by magnifying the
thermal conductivity resolution in Fig. 4, we can observe very weak
negative temperature dependences of the thermal conductivity of
two semiclathrate hydrates (in Fig. 5), which are almost identical,
and are numerically conﬁrmed by the following empirical corre-
lations derived from our results (Tables 3 and 4)
lðTÞ ¼ lm þ bðTm  TÞ (4)Fig. 5. Thermal conductivity results of semiclathrate hydrates and aqueous solutions
of TBAB and TBAC (in magniﬁed resolution).TBAB semiclathrate hydrate : l ¼ 0:379þ 0:00020 ð285 TÞ
(5)
TBAC semiclathratehydrate : l¼0:427þ0:00025ð288TÞ;
(6)
where lm is the thermal conductivity at themelting point inW/(mK),
and Tm is the melting point in K. From these correlations it may be
possible to draw the following conclusions, which indicate differ-
ences from the general behavior of the thermal conductivity of
clathrate hydrates. (1) The temperature coefﬁcient of the thermal
conductivity of semiclathrate hydrate indicates a weak negative,
which is opposite to that of clathrate hydrate; even though both are
small values, one has a negative and the other a positive sign. (2) It
appears that the thermal conductivity of semiclathrate hydrate is
more sensitive to the molar mass of guest molecules. Comparing
molar mass proportion of cation molecule to total neutral molecule
(e. g. molar mass proportion of Br to TBAB), the ratio of that propor-
tion is ðMBr=MTBABÞ=ðMCl=MTBACÞ ¼ 1:94 and the ratio of the thermal
conductivity at the melting point is lTBAC SCH=lTBAB SCH ¼ 1:13.
Although the ratios are approximately 10% larger from unity, it may
be possible to say this case is more sensitive than in the case of THF
and CH4 clathrate hydrates in which MTHF=MCH4 ¼ 4:5 and
lCH4 CH=lTHF CH z1:2. We cannot of course conclude that the guest
molarmass is theonly fact having aneffect on thermal conductivityof
semiclathrate hydrates. The difference of the thermal conductivity
can be caused by distinction of structures of TBAB and TBAC semi-
clathrate hydrates, and also by the different properties of Br or Cl
anion itself.
Another important point to be discussed is that how is the
behavior of the thermal conductivity of semiclathrate hydrate and
its aqueous solution at themelting point. For nonmetallic materials,
the ratio of the solid thermal conductivity lS to the liquid thermal
conductivity lL at the melting point can be approximately
expressed as [50,51].
lS
lL
y

rS
rL
gL
(7)
where rS and rL are the solid and liquid density at the melting
point, respectively. The exponent gL , which depends only on the
thermal properties of the liquid phase, is deﬁned as
gL ¼ 

vln lL
vln V

T
(8)
where V is the volume of liquid. The value of gL for some liquids was
determined experimentally from eq. (8) which was ranging from
about 0.7 to 3.6 [50]. In the following rough estimation of gL using
eq. (7), we adopted 1.094 g/cm3 for the density of TBAB$26H2O
semiclathrate hydrate (with no speciﬁed temperature) [52] and
1.0385 g/cm3 for 40 mass% of TBAB aqueous solution at 288.15 K
[53]. Whereas in the case of TBAC, no density data for solutionwere
available at the moment. By tentatively employing these density
values and the present experimental results for the thermal con-
ductivity of TBAB semiclathrate hydrate and aqueous solution at
each melting point, the values calculated gL for TBAB semiclathrate
hydrate and H2O are:
TBAB : lTBAB SCH=lTBAB SOLN ¼ 1:12; rTBAB SCH=rTBAB SOLN
¼ 1:05/gL ¼ 2:32
H2O : lICE=lWATER ¼ 3:964; rICE=rWATER ¼ 0:9162/gL ¼ 15:7:
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to recognize from this simple calculation that the guestehost in-
teractions of semiclathrate hydrates dramatically affect the
behavior of the thermal conductivity at the melting point.
It should be noted here that we must discuss three important
points concerning the uniformity, contamination, and hydration
number of the present semiclathrate hydrate samples. It is obvi-
ously better to use single crystal as the thermal conductivity sam-
ple. However, if the grain size of the polycrystalline sample is large
enough compared to the mean free path of the phonon at the
measured temperature, it is possible to assume that the poly-
crystalline sample can be treated as a single crystal in the case of
thermal conductivity. We actually observed the crystal grain size of
the semiclathrate hydrates of TBAB and TBAC during and after hy-
drates formation. First, numerous single crystals, columnar in shape
and more than 100 mm in size, appeared at the beginning of
nucleation and the grain size grew with the progress of the hydrate
formation reaching more than 1 mm by the end. According to the
calculation for ice [54], in the case of grain sizes larger than 100 mm,
the thermal conductivity measurement on coarsely polycrystalline
above 80 K can be treated as if they represented single-crystal ice.
Consequently, this is also the case for our present experiments.
Second, the possible error due to sample contamination with
unreached water must be assessed. Because the thermal conduc-
tivity of H2O increases by about 4 times through the transition from
water to ice, water remaining around the wire may cause a
discontinuous step in thermal conductivity across the water
freezing point (273 K). It is worthmentioning that when the sample
vessel was uniformly cooled to form TBAC semiclathrate hydrate,
we experienced a steep increase in the measured thermal con-
ductivity across 273 K. Since such steep change or discontinuity is
not noticeable in the present thermal conductivity results, we can
state that the effect of unreached water around the wire was
negligible. In addition, the thermal diffusion length corresponding
to the measurement time using the present transient hot-wire
method,  ﬃﬃﬃﬃﬃatp a: thermal diffusivity of the sample, is less than
500 mm. This means that only the cylindrical shape 500-mm radius
sample around the wire is acting as the sample, so that the exis-
tence of an extremely small amount of water around the wire is
detectable.
The third and ﬁnal point has to do with the uncertainty of the
hydration number for TBAC semiclathrate hydrate. We assumed
that the hydration number of TBAC semiclathrate hydrate formed in
the sample vessel was 30. However, it is undeniable that other
kinds of TBAC semiclathrate hydrates with hydration numbers of 24
or 32 formed and mixed in a certain ratio in the vessel. Although it
is deﬁnitely expected that the measurements should be performed
for each homogeneous TBAC semiclathrate hydrate, forming only
one type of TBAC semiclathrate hydrate in our sample cell was
essentially impossible in the present situation. The effect of the
difference in hydration number between TBAC$24H2O and 32H2O
on their thermal conductivity is thought to be several % due to their
slight dissimilarity of crystal structure. However, this intrinsic
problem for semiclathrate hydrate should be resolved by future
studies.
4. Conclusion
In conclusion, we experimentally revealed the thermal con-
ductivity behavior of TBAB and TBAC semiclathrate hydrates and
aqueous solutions by using the transient hot-wire apparatus using
a parylene-coated probe with a highest possible accuracy. The
experimental results exhibited that the anomalous behavior of the
thermal conductivity of clathrate hydrates holds in the case of
semiclathrate hydrates with a few differences.Acknowledgments
The work described in this paper was carried out under a Grant-
in-Aid for Scientiﬁc Research (S) (No. 24226006) from the Japan
Society for the Promotion of Science (JSPS). The parylene-coated
probe was fabricated in “Global nano micro technology business
incubation center (NANOBIC), Kawasaki city, Japan” supported by
the academic consortium for nano and micro fabrication of four
universities (Keio university, Waseda university, Tokyo institute of
technology, and the University of Tokyo).
References
[1] E.D. Sloan, C.A. Koh, Clathrate Hydrates of Natural Gases, third ed., CRC Press,
Taylor & Francis, FL USA, 2008.
[2] R.D. Stoll, G.M. Bryan, J. Geophys. Res. 84 (1979) 1629e1634.
[3] R.G. Ross, P. Andersson, G. B€ackstrom, Nature 290 (1981) 322e323.
[4] R.G. Ross, P. Andersson, Can. J. Chem. 60 (1982) 881e892.
[5] J.G. Cook, D.G. Leaist, Geophys. Res. Lett. 10 (1983) 397e399.
[6] N. Ahmad, W.A. Phillips, Solid State Commun. 63 (1987) 167e171.
[7] J.S. Tse, M.A. White, J. Phys. Chem. 92 (1988) 5006e5011.
[8] J.S. Tse, J. Inclusion Phenom. Mol. Recognit. Chem. 17 (1994) 259e266.
[9] R. Inoue, H. Tanaka, K. Nakanishi, J. Chem. Phys. 104 (1996) 9569e9577.
[10] O. Andersson, H. Suga, J. Phys. Chem. Solids 57 (1996) 125e132.
[11] J.S. Tse, V.P. Shpakov, V.V. Murashov, V.R. Belosludov, J. Chem. Phys. 107
(1997) 9271e9274.
[12] A.I. Krivchikov, B. Ya Gorodilov, O.A. Korolyuk, V.G. Manzhelii, H. Conrad,
W. Press, J. Low. Temp. Phys. 139 (2005) 693e702.
[13] A.I. Krivchikov, B. Ya Gorodilov, O.A. Korolyuk, V.G. Manzhelii,
O.O. Romantsova, H. Conrad, W. Press, J.S. Tse, D.D. Klug, Phys. Rev. B 73
(2006) 064203.
[14] W.F. Waite, L.A. Stern, S.H. Kirby, W.J. Winters, D.H. Mason, Geophys. J. Int.
169 (2007) 767e774.
[15] E.J. Rosenbaum, N.J. English, J.K. Johonson, D.W. Shaw, R.P. Warzinski, J. Phys.
Chem. B 111 (2007) 13194e13205.
[16] N.J. English, J.S. Tse, Phys. Rev. Lett. 103 (2009) 015901.
[17] N.J. English, J.S. Tse, Comp. Mat. Sci. 49 (2010) 5176e5180.
[18] R. Berman, Thermal Conduction in Solids, Oxford University Press, Oxford,
1976.
[19] R.C. Zeller, R.O. Pohl, Phys. Rev. B 4 (1971) 2029e2041.
[20] D.G. Cahill, R.O. Pohl, Phys. Rev. B 35 (1987) 4067e4073.
[21] W. Shimada, T. Ebinuma, H. Oyama, Y. Kamata, H. Narita, J. Cryst. Growth 274
(2005) 246e250.
[22] W. Shimada, M. Shiro, H. Kondo, S. Takeya, H. Oyama, T. Ebinuma, H. Narita,
Acta Cryst. C61 (2005) 65e66.
[23] H. Oyama, W. Shimada, T. Ebinuma, Y. Kamata, S. Takeya, T. Uchida, J. Nagao,
H. Narita, Fluid Phase Equilib. 234 (2005) 131e135.
[24] T. Rodionova, V. Komarov, G. Villevald, L. Aladko, T. Karpova, A. Manakov,
J. Phys. Chem. B 114 (2010) 11838e11846.
[25] Z.G. Sun, C.G. Liu, B. Zhou, L.Z. Xu, J. Chem. Eng. Data 56 (2011) 3416e3418.
[26] T. Suginaka, H. Sakamoto, K. Iino, S. Takeya, M. Nakajima, R. Ohmura, Fluid
Phase Equilib. 317 (2012) 25e28.
[27] T.V. Rodionova, V. Yu. Komarov, G.V. Villevald, T.D. Karpova, N.V. Kuratieva, A.
Yu. Manakov, J. Phys. Chem. B 117 (2013) 10677e10685.
[28] T. Asaoka, H. Kumano, M. Serita, Int. J. Refrig. 36 (2013) 992e997.
[29] W. Lin, D. Dalmazzone, W. Fürst, A. Delahaye, L. Fournaison, P. Clein, J. Chem.
Thermodyn. 61 (2013) 132e137.
[30] S. Muromachi, S. Takeya, Y. Yamamoto, R. Ohmura, CrystEngComm 16 (2014)
2056e2060.
[31] D.L. Fowler, W.V. Loebenstein, D.B. Pall, C.A. Kraus, J. Am. Chem. Soc. 62 (1940)
1140e1142.
[32] L.A. Gaponenko, S.F. Solodovnikov, Yu. A. Dyadin, L.S. Aladko,
T.M. Polyanskaya, Zh. Strukt. Khimii 25 (1984) 175e177.
[33] H. Nakayama, Bull. Chem. Soc. Jpn. 60 (1987) 839e843.
[34] Yu. A. Dyadin, K.A. Udachin, Zh. Strukt. Khimii 28 (1987) 75e116.
[35] J. Lipkowski, V. Yu. Komarov, T.V. Rodionova, Y.A. Dyadin, L.S. Aladko,
J. Supermol. Chem. 2 (2002) 435e439.
[36] W. Shimada, T. Ebinuma, H. Oyama, Y. Kamata, S. Takeya, T. Uchida, J. Nagao,
H. Narita, Jpn. J. Appl. Phys. 42 (2003) L129eL131.
[37] S. Li, S. Fan, J. Wang, X. Lang, D. Liang, J. Nat. Gas. Chem. 18 (2009) 15e20.
[38] N. Mayouﬁ, D. Dalmazzone, A. Delahaye, P. Clain, L. Fournaison, W. Fürst,
J. Chem. Eng. Data 56 (2011) 2987e2993.
[39] J. Gholinezhad, A. Chapoy, B. Tohidi, Chem. Eng. Res. Des. 89 (2011)
1747e1751.
[40] P. Zhang, N. Ye, H. Zhu, X. Xiao, J. Chem. Eng. Data 58 (2013) 1781e1786.
[41] P. Zhang, Z.W. Ma, X.J. Shi, X. Xiao, Int. J. Therm. Sci. 78 (2014) 56e64.
[42] M.J. Assael, C.A. Nieto de Castro, H.M. Roder, W.A. Wakeham, Transient
methods for thermal conductivity, in: W.A. Wakeham, A. Nagashima,
J.V. Sengers (Eds.), Measurement of the Transport Properties of Fluids (IUPAC
Chemical Data Series No.37), Blackwell Scientiﬁc Publications, Oxford, 1991,
pp. pp.161e194.
K. Fujiura et al. / Fluid Phase Equilibria 413 (2016) 129e136136[43] Y. Nagasaka, A. Nagashima, J. Phys. E Sci. Instrum. 14 (1981) 1435e1440.
[44] T. Nagatomi, Y. Taguchi, R. Ohmura, Y. Nagasaka, Trans. JSME B 79 (2013)
1155e1163.
[45] Y. Kobayashi, Y. Ueno, Y. Nagasaka, A. Nagashima, High. Temp. High. Press 25
(1993) 253e257.
[46] T. Yamada, T. Yaguchi, Y. Nagasaka, A. Nagashima, High. Temp. High. Press 25
(1993) 513e518.
[47] C.A. Nieto de Castro, S.F.Y. Li, A. Nagashima, R.D. Trengove, W.A. Wakeham,
J. Phys. Chem. Ref. Data 15 (1986) 1073e1086.[48] S. Fukusako, Int. J. Thermophys. 11 (1990) 353e371.
[49] W.F. Waite, L.Y. Gilbert, W.J. Winters, D.H. Mason, Rev. Sci. Instrum. 77 (2006)
044904.
[50] G.A. Slack, Solid State Phys. 34 (1979) 1e71.
[51] X. Gao, Y. Nagasaka, A. Nagashima, Int. J. Thermophys. 19 (1998) 415e425.
[52] Yu. A. Dyadin, K.A. Udachin, J. Incl. Phenom. 2 (1984) 61e72.
[53] W. Lin, D. Dalmazzone, W. Furst, A. Delahaye, L. Fournaison, P. Clain, J. Chem.
Eng. Data 58 (2013) 2233e2239.
[54] G.A. Slack, Phys. Rev. B 22 (1980) 3065e3071.
